In this investigation, a nickel-base powder mixed with tungsten carbide particles was applied by Plasma Transferred Arc welding (PTA) on the surface of the D2 cold work tool steel to improve surface quality and to extend its lifetime during applications. The Design of Experiment (DoE) method was applied to obtain the appropriate combination of hardfacing parameters and to run the minimum number of tests. Current, travel speed and preheat were considered as variable parameters. These parameters are important to reach a final layer with an appropriate bead geometry accompanied with good metallurgical properties. All samples were prepared for metallurgical investigations and the effect of process parameters on the weld bead geometry was considered. For each experiment run, weld bead geometry parameters were measured including dilution, penetration and reinforcement. Microstructures and the distribution of tungsten carbide particles after welding were analyzed by Optical Microscopy (OM) and Scanning Electron Microscopy (SEM) equipped with an EDS microprobe. In addition, hardness tests were performed to evaluate the mechanical properties of the weld bead layers. Finally, among all the experiments, the best sample with appropriate bead geometry and microstructure was selected.
Introduction
The surface hardening processes can improve tribological, wear and corrosion properties of industrial components working in harsh situations [1] [2] [3] . Among different welding processes, Plasma Transferred Arc (PTA) is a relatively new method compared to other conventional welding processes such as GTAW and GMAW [3] . In the PTA method, the filler material in the form of powders is carried from the powder holder to the weld pool [4] . By means of this method, layers with different thicknesses and a strong metallurgical bond to the substrate can be produced. In addition, it has high productivity and ability to automation for weld overlay applications [1, 5] . In addition, in the PTA method, the value of dilution can be kept at a minimum, and by adjusting the feeding rate a sound weld bead is achievable [3, 6] . The impact of the PTA process parameters on the microstructure and properties of the weld bead has been investigated by many researchers [7] [8] [9] . Boulithis et al. [7] studied the effect of PTA surface treatments on tool steel before and after applying heat treatment. Nouri et al. [10] worked on the effect of the welding parameters on the properties of the hardface layer.
Metallurgical Characterization of a Weld Bead Coating
Chatterjee and Pal [11] worked on the deposition of various layers, considering the change of welding parameters such as current and travel speed. Other authors [12] [13] [14] found that different values of these parameters cause the change in the heat input and in the dilution as a consequence. Moreover, their studies demonstrated that nickel-base powders used as hardfacing material can also improve the corrosion resistance of a steel product. For improving the wear resistance properties of the substrate, tungsten carbides (WC) can be usefully added to the nickel-base powders. After the deposition of the powders, the nickel matrix acts as a binder for the tungsten carbide particles. Carbides of different elements, such as tungsten, vanadium, chromium and titanium, can be mixed in different proportions to nickel-base powders and be applied on a steel product to improve its surface properties [15] . Balamurugan and Murugan [16] studied the optimization of the PTA process for weld overlays reinforced by TiC particles. It should be mentioned that several parameters in the PTA process, such as current, feeding rate and travel speed, have a direct effect on surface quality [17, 18] .
Weld bead is an important geometric parameter able to define the properties of the hardfaced layer: several studies demonstrated that there is a close relation between the weld bead shape and the quality of the layer [19] [20] [21] . Considering the different type of equipment, powder mixtures and process parameters, many combinations of the specifications could be used to find an appropriate welding procedure. To minimize this combination of parameters, it would be useful to use the Design of Experiment (DoE) method. As a result, it is possible to decrease the number of test runs, to obtain an appropriate weld bead [16] . The effect of the feeding rate and travel speed on the quality of a nickel-based hardfacing layer applied on low carbon steels was reported by Ming et al. [22] and Lim et al. [23] . Palani and Murugan [24, 25] investigated the optimization of parameters for the weld overlay of stainless steel on carbon steel. Davis [16] tried to find appropriate dilution and weld bead geometry by changing the process parameters. Siva et al. [26] worked on the optimization of the PTA process by using nickel-base powders on stainless steel. Despite many investigations, there is still a lack of information regarding the optimization of the welding conditions to obtain appropriate weld bead geometries accompanied with high mechanical and metallurgical properties. The aim of this study was to identify the best parameters (current, travel speed and preheat) to reach the appropriate hardfaced layer of nickel base powder mixed with tungsten carbide on the D2 tool steel using the PTA process. Based on the DoE method, twenty weld overlays with different parameters were performed on the surface of tool steel. The microstructural properties of each layer were evaluated by means of Optical Microscopy (OM) and Scanning Electron Microscopy (SEM) with Energy Dispersive Spectroscopy (EDS). The mechanical properties were studied by means of hardness tests. Finally, based on the metallurgical features and the weld bead geometry measurements of the layers, the best-investigated process parameters were detected.
Materials and Experimental Procedure

Materials
In this study, the Plasma Transferred Arc (PTA) welding process was used to apply a hardfacing layer nickel base powder on the D2 tool steel. The tool steel in the form of a plate-like block with dimensions of 130 mm × 50 mm × 12.5 mm was selected as a substrate. In Table 1 , the chemical composition of the D2 steel is specified. Before applying the hardfacing layer to the steel substrate, according to Chandler [27] a specific heat treatment was performed on three blocks in order to reach appropriate hardness and toughness. In particular, the blocks were preheated at 790 °C for 1 hour, then the temperature was increased to 1100 °C and maintained for 35 min. The blocks were then quenched in an oil bath and subjected to two subsequent steps of tempering at 315 °C for 2 hours. After the heat treatment, oxides and possible contaminants were removed from the surfaces. A mixture with 40% by weight of spherical nickel-base powders and 60% of agglomerated WC particles was selected as the hardfacing material in this investigation. The morphology of the nickel-base powders is shown in Figure 1 . In Table 2 , the nominal chemical compositions of both the nickel-base powders and the WC reinforcing material are reported.
PTA equipment and process design
In this investigation, the plasma machine with the Castolin Eutectic Eutronic Gap 3001DC trademark was used to apply the hardfacing layer on the tool steel. In the PTA process, several working parameters had to be carefully adjusted. Some of these parameters were considered as fixed and they are reported in Table 3 , while current (I), preheat (T) and travel speed (S) were considered as variable. In particular, preheat was identified as a variable parameter due to the susceptibility of the D2 tool steel to crack initiation during welding. Based on the results obtained by applying the DoE method, considering three levels and five factors and the details of which will be presented by the authors in another paper, twenty layers were performed. Table 4 collects the combinations of variable parameters used in this investigation. 
Sample preparation and investigation
Before starting any metallurgical analysis, liquid penetrant non-destructive testing was performed on the layers in order to verify the absence of any surface defect. Twenty sample cross-sections (from W1 to W20) were then cut, one from each layer, embedded in a thermoset resin and prepared with standard metallographic procedures. An Olympus SZX A0 stereomicroscope equipped with Infinity analyze software was used for the measurements of the geometrical features of each weld layer. The schematic shape of the weld bead with indication of the most important geometrical parameters is shown in Figure 2 . The values of reinforcement, penetration, weld bead and dilution were measured. Microstructural analysis was carried out on both the tool steel base metal and the weld overlay, after chemical etching in a 2% solution of HNO 3 in ethylic alcohol (Nital 2) and in a solution of 30% HF and 70% HNO 3 , respectively. A Leica MF4M Optical Microscope and Zeis EVO EMA 15 Scanning Electron Microscope equipped with an EDS analyzer were used. For the evaluation of the mechanical properties, hardness tests were performed on the cross sections of each joint using a Future Tech Vickers machine and a load of 1 kg. Vickers hardness profiles were determined in order to evaluate the evolution of hardness from the base metal to the weld layer across the heat-affected zone. 
Results and Discussion
Effect of process parameters on weld bead geometry
According to the measurements performed on the sample cross-sections, Figure 3 describes the effect of the travel speed on penetration and dilution; in particular, when the travel speed is increased, the penetration decreases and, mainly with a travel speed of 85 and 100 cm/min, the minimum penetration values are obtained. The increase in the travel speed does not have a significant effect on dilution. When the travel speed is increased, the heat input and diffusion rate decrease; as a consequence, penetration decreases and reinforcement increases, thus keeping dilution relatively constant with just a smooth upward trend. The effect of the current on dilution and penetration is shown in Figure 4 ; when the current is increased, the values of penetration and dilution increase steeply, which is probably due to the increase in the heat input.
Microstructural characterization
The low magnification structure of one sample cross-section observed at the stereomicroscope is reported in Figure 5a : the deposited layer, the heat affected zone and the base metal can be clearly identified. The presence of carbides in the tool steel and the dendritic structure in the deposits are visible at higher magnification in Figure 5b . Figure 6 shows the cross-sections of some selected layers. As can be seen, sample W19 presents more regular weld bead geometry and a more homogenous distribution of tungsten carbides than the other samples. In sample W19 the tungsten carbide particles are better distributed through the whole area of the deposited layer. For most of the other samples, tungsten carbide particles are preferentially distributed at the bottom of the weld pool. Moreover, different samples present different values of penetration and reinforcement due to the different process parameters. Figure 7 shows the microstructure of the D2 tool steel base metal, which mainly consists of Cr 7 C 3 primary carbides and secondary carbides dispersed in a tempered martensitic matrix [28] . The heat affected zone (HAZ) is characterized by two different microstructures close to the fusion zone (Figure 8a ) and close to the base metal (Figure 8b ), respectively. The reason for the formation of these zones is probably due to the different heating and cooling rates during the hardfacing process. The typical microstructure of the nickel-based hardfacing layer is shown in Figure 9 and is characterized by a γ-Ni primary hypereutectic dendritic phase and a lamellar eutectic structure in the interdendritic regions [29] . Blocky-shaped tungsten carbide particles are distributed in the layer and are clearly visible in Figure 9a . Because of their high density, the volume fraction of tungsten carbides close to the top surface of the layer is lower than in the area at the bottom of the weld pool close to the substrate (Figure 10 ). 
SEM and EDS analysis
Back scattered images of the deposited layer, obtained by means of SEM from sample W1 are reported in Figure 11 . To understand the distribution of alloying elements in the matrix, EDS analysis was performed on different positions and the results are collected in Table 5 . In addition to large tungsten carbides, there are other different intermetallic phases containing nickel, chromium and silicon, distributed between the WC particles and matrix. The diffusion of interstitial carbon in the matrix is faster than other carbide former elements; in the presence of WC as a reinforced material, the formation of other complex and brittle carbides was reported in the literature [30] .
EDS analysis of the carbides indicates that, in addition to existing chromium, which can precipitate as chromium carbide, there is also vanadium which is distributed in the matrix. From the results reported in Table 5 , it can be observed that tungsten is also distributed in the matrix in the range between 15 to 22%; spectrum 7 reveals a tungsten content of more than 50%. This could be due to decarburization of WC/W 2 C during the welding process; moreover, tungsten and carbon could be dissolved into the nickel and nickel-chromium phases. Dissolution of tungsten carbide particles in the matrix causes the precipitation of secondary carbides around the primary carbides. Table 5 . Qualitative data (wt%) of spectra of Figure 11 . Figure 11 . EDS analysis of different phases and particles.
Hardness profiles
The hardness value of the base metal was measured around 48 HRC. For studying the evolution of hardness through the cross section of the layers, Vickers hardness tests were performed; the results show that the hardness values vary from the top of the hardfaced layer to the base metal according to the different distribution of tungsten carbides in the weld pool. Figure 12 reports the hardness profiles of some selected samples. The maximum hardness is not at the top of the layer because, as explained before, tungsten carbides are mainly present at the bottom of the layer due to their higher density compared to the matrix. Based on the measured data, for all the samples in the heat-affected zone, hardness decreases from the fusion zone to the base metal, in agreement with the temperature evolution during the hardfacing process. In sample W9, the maximum equal hardness value of 800 HV1 was observed compared to other samples, with hardness of around 600 HV1. The increase in the hardness of sample W9 could be due to the equal distribution of tungsten carbides and to a partial decomposition of tungsten carbides causing a solid solution reinforcement of the matrix.
Weld bead measurements and optimum process parameters
According to Figure 2 , the weld characteristics of the weld beads were measured for all the twenty samples. Considering the weld geometry results, the distribution of tungsten carbides and the hardness profiles, the quality of the hardfacing layer of sample W9 can be considered the optimum among all the twenty test layers. The process parameters and the weld bead geometry results for some selected samples (as shown in Figure 6 ) are specified in Table 6 . Nevertheless, considering the several possible sets of process variables, it is relatively difficult to find the best welding parameters to predict and reach appropriate weld bead characteristics. Based on what is suggested in the literature [5, 10, 26, 31] , to reach appropriate weld layer geometry, the value of reinforcement should be the maximum, while the values of penetration and dilution should be the minimum. 
Conclusions
In this work a nickel-base powder mixed with tungsten carbide particles was applied by the Plasma Transferred Arc (PTA) process on the surface of the D2 tool steel. To reach optimum weld bead geometry, a combination of different process parameters (current, travel speed and preheat) were considered and the following conclusions can be made: -Design of experiments was an effective method to study the effect of process parameters on the weld bead geometry in the PTA process. When the current, penetration and dilution increase, the reinforcement decreases. When the travel speed increases, penetration decreases, maintaining dilution roughly constant with a slight increase. The current was the most important process parameter influencing both the geometry of the weld and the distribution of carbides in the layer;
-The distribution of WC particles in the weld pool was not so homogenous in the weld layer. The carbides mainly accumulated in the lower part of the layer, close to the base metal. According to only one set of parameters their distribution was quite uniform in the layer;
-SEM and EDX analysis of the samples showed that, in addition to blocky WC particles, tungsten was dissolved in the matrix. Complex phases containing tungsten and other carbides former elements were detected in the layers;
-From the microstructural and geometrical data obtained from the analyzed samples, the optimum parameters for hardfacing were actually found as: current 86.36 A, travel speed 85 cm/min and preheat 350 °C. With these parameters, the values of dilution, penetration, reinforcement and bead width were 30.52%, 0.69 mm, 1.43 mm and 6.53 mm, respectively. It is very difficult to find the optimum parameters to obtain high quality weld bead geometries, but the authors are currently developing a mathematical model to guide the selection of the best process parameters and more tests will be performed.
